Introduction
The hydroformylation of alkenes, also known as the oxo synthesis, was discovered in 1938 by Otto Roelen at Ruhrchemie. 1 In the hydroformylation reaction, alkenes react with carbon monoxide and hydrogen, in the presence of a transition metal catalyst, to form aldehydes containing an additional carbon atom. Hydroformylation today is the most important application of homogeneous catalysis on an industrial scale, 2 with worldwide production capacities about 6 million ton year −1 . The first generation of catalysts was based on unmodified [HCo(CO) 4 ], which required high reaction pressures to ensure the stability of the active catalyst and to avoid cobalt plating. In 1966, [3] [4] [5] Shell reported a system where the addition of a tertiary phosphine stabilised the catalyst to such an extent that reaction pressures below 100 bar were feasible. These modified systems were less reactive than the unmodified one and resulted in a decrease in reaction rates upon increasing the concentration of ligand. The larger steric demand of the phosphine ligand, compared to CO, led to improved selectivity for the desired linear products. 6 Therefore, the higher selectivities observed at higher ligand/metal ratios could be attributed to an increased concentration of the modified hydride species. However, due to the increased electron density on the cobalt, hydrogenation of the aldehydes led to alcohols as the primary products. This characteristic of the catalyst system can thus also result in hydrogenation of the alkene feedstock, leading to eventual undesired alkane formation.
The origin of selectivity can be explained by the Heck and Breslow mechanism, originally derived for unmodified cobalt catalysis. 7 This mechanism was later generalised and applied to ligand modified systems as well (Scheme 1), in which the catalyst precursor is the mono-substituted hydride, [HCo(CO) 3 
L] (4).
The unsaturated [HCo(CO) 2 L] species is formed by loss of a CO ligand, and the addition of an alkene to this 16e species is rapid, resulting in the -complex (6) . Hydrogen transfer to the alkene is influenced by the steric demand of the ligand, leading to either Markovnikov or, preferentially, anti-Markovnikov addition. In the case of unmodified catalysis, the symmetry of the species should yield equal amounts of linear and branched aldehydes (1/b = 1), and addition of CO produces the alkyl species [RCH 2 CH 2 Co(CO) 3 L] (7). Alkyl migration to a coordinated CO ligand results in the acyl species [R′C(O)Co(CO) 3 L] (8) which is cleaved by hydrogen to form the aldehyde and regenerate the hydride 4.
Since the Shell process which utilised trialkylphosphines was introduced, a variety of phosphine ligands have been studied. 8 Recently the use of tertiary phosphine ligands, in which the phosphorus atom is incorporated in a limonene bicycle, has been reported. 9 Except for one patent from 1967, 10 no reports on the use of phosphite ligands in the cobalt catalysed hydroformylation have appeared. Since phosphites, relative to phosphines, should decrease the electron density on the cobalt centre, they are expected to yield less hydrogenation products. In this paper we report our results on triphenylphosphite modified cobalt hydroformylation studied by HP-NMR, HP-IR, batch autoclave reactions and independent synthesis of the proposed intermediate hydrides [HCo(CO) 3 P(OPh) 3 ] (4) and [HCo(CO) 2 {P(OPh) 3 } 2 ] (5).
Experimental
All syntheses of air and moisture sensitive compounds were performed using standard Schlenk techniques under prepurified N 2 .
11 Toluene was distilled from Na and tetrahydrofuran from Na/benzophenone/tetraglyme prior to use. 12 All other solvents were used as received. Dicobalt octacarbonyl was purchased from Strem Chemicals and stored under N 2 in a Schlenk-tube wrapped with aluminum foil at 4 °C. The C 9 -C 11 paraffin cut (C 8 3, C 9 26, C 10 29, C 11 33, C12 9%) and 1-pentene (> 99%), a Fischer-Tropsch derived product, was supplied by Sasol. Syngas ([CO]/[H 2 ] = 0.5) was purchased from Afrox. All other reagents were purchased from Sigma-Aldrich and used as received. Melting points were determined on a Kofler hot-stage microscope (Reichert-Thermovar). Elemental analyses were performed using a Carlo Erba EA1108 elemental analyser in the microanalytical laboratory of the University of Cape Town.
X-Ray crystallography data collection and refinement
Crystals of [Co 2 (CO) 6 {P(OPh) 3 } 2 ]
13 (2) and [HCo(CO) 2 {P(OPh) 3 } 2 ] (5) were grown from THF as described below. X-Ray diffraction data for 2: collected on a Nonius Kappa CCD diffractometer at 203(2) K with 1.5 kW graphite monochromated MoK (0.71073 Å) radiation. The strategy for the data collection was evaluated using COLLECT.
14 The data were integrated, scaled and reduced with DENZO-SMN. 15 Data for 5: collected on a Siemens SMART CCD diffractometer using Mo K (0.71073 Å) and -scans at 203(2) K. After completed collection, the first 50 frames were repeated to check for decay, which was not observed. All reflections were merged and integrated using SAINT 16 and were corrected for Lorentz, polarization and absorption effects using SADABS. 17 The structures were solved by the heavy atom method and refined through full-matrix leastsquares cycles using the SHELXL97 18 software package with ∑(/F o /−/F c /) 2 being minimised. All non-H atoms were refined with anisotropic displacement parameters, while the H atoms were constrained to parent sites using a riding model, except for the hydrido ligand in 5, of which the position was determined from a difference Fourier map and refined with an isotropic thermal parameter. The DIAMOND 19 Visual Crystal Structure Information System software was used for the graphics. Crystal data and details of data collection and refinement are given in Table 1 .
CCDC reference numbers 232540 and 232541. See http://www.rsc.org/suppdata/dt/b4/b403033h/ for crystallographic data in CIF or other electronic format.
Synthesis of [Co 2 (CO) 6 {P(OPh) 3 } 2 ] (2)
Compound 2 was synthesised by an adapted literature method. 20 The data are in agreement with the literature, 20 and only new data are reported. A solution of P(OPh) 3 3 ) was added to this mixture and an immediate phase separation was observed. The light yellow organic phase was separated from the dark blue aqueous phase. P(OPh) 3 (0.264 g; 0.85 mmol) was added to the organic phase at 0 °C and immediate gas evolution was observed. IR spectroscopy showed that the title compound had formed. The solution was concentrated and stored in the freezer. Crystals of 4 formed and were isolated (0.268 g, 52% 3 ], generated from 2, with 1.0 M HCl in Et 2 O. The attempted reduction of the dimer (2) using stronger reducing agents (Na/K melt; K-or Nasand) was not successful. All analytical data were in accordance with literature 21 and the product obtained using method (a).
Synthesis of [HCo(CO) 2 {P(OPh) 3 } 2 ] (5)
(a) The synthesis for compound 4 was repeated with 2 equivalents of P(OPh) 3 . Compound 5 precipitated immediately from pentane upon addition of P(OPh) 3 . Removal of the pentane followed by additional washing with small amounts of pentane afforded pure 5 (95% was then reacted with Na/Hg, followed by reaction with HCl in Et 2 O to give the title compound. All analytical data were in agreement with that found for method (a).
Infrared experiments
All infrared spectra were recorded on a Bruker Equinox 55 FT-IR spectrometer and analysed with the Bruker OPUS-NT software (32 scans, 4 cm −1 resolution, Blackman-Harris 3-Term apodization). Infrared data for solution spectra of compounds 2 to 5 were collected using NaCl windows (optical pathlength 0.1 mm). The high-pressure experiments were carried out in a 55 cm 3 SS 316 autoclave equipped with a mechanical stirrer (750 rpm), a temperature, and View Article Online a pressure control (University of Amsterdam). 23 The solution was pumped through a bypass, in which ZnS windows were embedded (optical pathlength at 25 °C: 0.3 mm).
The autoclave was flushed with argon prior to use. A solution of dimer 2 ([Co] = 1500 ppm, mg/kg solvent, in the final volume) in 10 cm 3 degassed solvent was transferred under argon into the autoclave. The appropriate amount of ligand was added and the assembled autoclave was purged with syngas three times. The autoclave was then pressurised at room temperature to 15 bar, resulting in a final pressure of approximately 20 bar at 140 °C. When the autoclave had reached reaction temperature, 2 cm 3 pentene was injected from an attached sample reservoir to give a total reaction pressure of 50 bar syngas. After the reaction, GC samples were taken from the cooled and depressurised solution. 31 P NMR spectra of samples taken from the cooled and depressurised solution showed the presence of only compounds 2 and 5 and free P(OPh) 3 .
NMR experiments
NMR spectra were recorded on a Varian Inova 300 MHz spectrometer ( 1 H: 300 MHz, 13 C: 75.5 MHz, 31 P: 121.5 MHz) spectrometer at ambient temperature. NMR spectra were referenced relative to TMS ( 1 H and 13 C) or 85 % H 3 PO 4 ( 31 P) using either the residual protonated impurities in the solvent ( 24 For these high pressure experiments, the required amount of dimer (2) was weighed in an argon-filled sample tube, dissolved in 1 cm 3 C 6 D 6 and transferred into the NMR tube via syringe. The appropriate amount of P(OPh) 3 was dissolved in 1 cm 3 C 6 D 6 and transferred under argon into the NMR tube. The cell was purged three times with syngas, pressurised to 40 bar and left under pressure overnight (approximately 15 hours) to allow proper gas dissolution.
Batch autoclave experiments
The stainless steel 300 cm 3 autoclave (Parr model 4560) was flushed with argon prior to use. The electrically heated autoclave was equipped with a magnetic drive stirrer, sampling dip tube and internal cooling coil. The required amounts of the dimer (2) and P(OPh) 3 were dissolved in 75 cm 3 degassed solvent. The closed autoclave was then purged three times with syngas and pressurised to 20 bar, resulting in 30 bar pressure at 140 °C. 1-Pentene (100 cm 3 , 0.91 mol) was injected from a 150 cm 3 sample cylinder kept under 50 bar syngas pressure. The reaction pressure of 50 bar was maintained by constant addition of consumed gas. Samples were taken at intervals into a sampling tube, which was cooled (4 °C) to prevent evaporation of 1-pentene. The samples were analysed by gas chromatography using an Agilent 6890 series GC system equipped with a Hewlett Packard Pona column (50 m × 0.5 m) and FID detection method. Temperature program: 100 °C (10 min hold), 250 °C (2 °C min −1 ), 250 °C (5 min hold), 300 °C (10 °C min −1 ), 300 °C (5 min). The N 2 carrier gas flow was kept constant at 0.7 cm 3 min −1 .
Results and discussion

Synthesis
The dinuclear complex [Co 2 (CO) 6 {P(OPh) 3 } 2 ] (2) was synthesised from dicobalt octacarbonyl and an excess triphenylphosphite, Molecular diagrams showing the numbering schemes and thermal ellipsoids for 2 and 5 are given in Fig. 1 and 2 , respectively. Selected geometrical parameters are summarised in Table 2 and 3. The molecular diagram of 2 ( Fig. 1) clearly shows its dinuclear arrangement, formed by two trigonal [−Co(CO) 3 {P(OPh) 3 }] fragments, with the two P(OPh) 3 ligands occupying trans configurations with respect to the Co-Co bond (2.6722(4) Å). The molecule lies on a centre of symmetry which bisects the Co-Co bond, and the P(OPh) 3 ligands have a measured cone angle of 175°. A trigonal plane is defined by the three carbonyl ligands and the Co atom is displaced by 0.158(1) Å towards the apical P(OPh) 3 .
Complex 5 represents a rare and first example of a hydride structure of cobalt(I) stabilised by P(OPh) 3 ligands. The complex exhibits a severely distorted trigonal bipyramidal structure with the two P(OPh) 3 ligands and one carbonyl occupying the plane. The hydride and the other carbonyl are in a trans orientation (H1-Co-C1 = 177.9(13)°) in the apical positions relative to the trigonal plane. The cobalt atom is displaced by 0.320(1) Å from the trigonal plane away from the hydride ligand.
The Co-P bond in 2 (trans to the Co-Co bond) of 2.1224(4) Å is significantly longer that the Co-P(1) and Co-P(2) bonds (2.1093(8) and 2.1076(8) Å respectively) in 5, indicative of the trans influence exerted by the Co-Co metal bond. This is further illustrated by the shortening of the P-O bonds in 2 (1.5977(12), 1.6012(12), and 1.6029(11) Å) compared to those in 5 ranging from 1.609(2) to 1.635(2) Å.
The Co-C(1) bond trans to the Co-H moiety in 5 is shortened (1.758(3) Å) compared to the Co-C(2) bond (1.775(3) Å) in the hydride complex, indicating increased  back bonding in the trans HCo-CO fragment. The Co-C(2) bond is comparable with the three Co-CO bonds in 2, which range from 1.780(2) to 1.787(2) Å. Table 4 illustrates the geometric parameters of 2 and 5 as compared with other examples from literature. The distortion induced in these types of complexes is clear: more bulky ligands showing more significant effects.
The distortion due to the (sterically demanding) phosphorus donor ligands (large cone angles) is manifested in the displacement of the Co atom from the trigonal plane formed by the three CO ligands in the dimeric complexes, as well as the P-Co-CO angle (Table 4(a) ). This is particularly observed in complex 2 and [Co 2 (CO) 6 (PMe 3 ) 2 ]. 28 Similar distortion is observed for the hydride species (Table 4( b) ), where the Co atom is displaced from the trigonal plane, possibly as a result of the large cone angle of the phosphorus donor ligands. We are currently further investigating the influence of phosphorus donor ligands on the out-of-plane displacement of cobalt atoms in associated complexes.
HP-IR experiments
The formation of [HCo(CO) 3 P(OPh) 3 ] (4) was studied at various ligand/metal ratios by adding the appropriate amount of P(OPh) 3 to the dinuclear complex [Co 2 (CO) 6 {P(OPh) 3 } 2 ] (2). The monosubstituted hydride 4, indicated by absorbances at 2071, 2021 and 2001 cm −1 , was formed at similar temperatures of 120 °C in both toluene and paraffin (Fig. 3a) . Table 5 summarises the results obtained in the solvents toluene, C 9 -C 11 paraffins and 1-heptanol. The concentration was kept constant throughout the experiments at 1500 ppm Co with the [P(OPh) 3 ]/[Co] ratio varying between 1 and 20 (50 for paraffin). The formation of the hydride species was studied up to 140 °C and 50 bar of syngas pressure.
The  CO absorption at 1983 cm −1 was used as an indicator for the dimeric [Co 2 (CO) 6 {P(OPh) 3 } 2 ] (2). In both toluene and paraffin at 120 °C, this peak decreased in a synchronised way when hydride 4 was formed and disappeared completely around 140 °C, independent of ligand excess. The lowest [P(OPh) 3 ]/ [Co] ratio to prevent the formation of [HCo(CO) 4 ] (3) was 4, as can be seen from entries 2 to 7 and 10 to 14 in Table 5 , where no absorptions for the unmodified hydride could be detected at 2053 and 2030 cm −1 . (18) C ( The disubstituted hydride species [HCo(CO) 2 {P(OPh) 3 } 2 ] (5) was formed in the presence of ligand excess larger than 2 in paraffin (Fig. 3b) , which was attributed to the small Tolman cone angle 32 of P(OPh) 3 of 124°. In toluene, the characteristic  CO absorption bands at 2034, 2000 and 1973 cm −1 for 5 could be detected even at a ligand/metal ratio of 1 as shown by entry 1 in Table 5 . (Fig. 4) , upon addition of 1-pentene. Following the decrease of the alkene absorption at 1640 cm −1 over time revealed a linear rate dependence with ligand excess. With the exception of entry 8 ( (2) C (1) (5) O (11)-P-O (13) 99.00(6) P-Co-Co a 177.319 (19) O (12) became more dominant, as depicted in Fig. 4 .
Under industrial hydroformylation conditions using ligand modified cobalt catalysts, the formed aldehydes are converted into the corresponding alcohols. 33 In order to study the influence of an increased alcohol concentration, 1-heptanol was used as solvent. C 6 alcohols (1-hexanol and 2-methyl-1-pentanol) formed by 1-pentene hydroformylation and consecutive hydrogenation could be separated from this solvent in GC measurements. Table 5 ). In the pure 1-heptanol no hydride species could be detected, neither the mono-(4) nor the disubstituted (5) hydrides. However, at temperatures above 110 °C a new species was being formed, exhibiting a strong  CO absorption at 1969 cm −1 . The same product was formed upon heating 5 in 1-heptanol. 34 The reaction product of 5 with 1-heptanol appeared to be inactive in the hydroformylation of 1-pentene (entry 17, Table 5 ).
The effect of lower concentrations of alcohol (low conversions) on the catalyst system was investigated by adding 2 cm 3 of 1-heptanol to a paraffin solution containing a 20 fold ligand excess at 120 °C and 50 bar (entry 12). Under these conditions [HCo(CO) 3 
HP-NMR experiments
All in situ experiments were carried out in the high pressure sapphire tube by observing the The presence of dimer 2 at 140 °C and 50 bar agreed with HP-IR studies (see Fig. 3 ). However, the formation of unmodified hydride 3 was observed only at temperatures above 135 °C in the HP-IR. Moreover, the monosubstituted hydride 4 was clearly present in the infrared studies as depicted in Fig. 3 . The discrepancy between the HP-IR and the HP-NMR results stems most probably from differences in heat dissipation and agitation, and thus gas dissolution.
Similar results were observed in the HP-IR for [P(OPh) 3 ]/[Co] ratios of 4 and 8 (see entries 10 and 11, Table 5 ), and was reflected in the HP-NMR studies as well. In the 1 H spectra the dominant species under the conditions applied was the disubstituted hydride 5, indicated by a triplet at  −11.9 ppm (Fig. 5) . The unsubstituted hydride 3 was detected as well at  −11.4 ppm at temperatures between 100 and 140 °C. Due to the strong absorbance at 2034 cm −1 of 5, the band at 2030 cm −1 of very small amounts of [HCo(CO) 4 ] might be obscured. In the 31 P spectra the only peaks present were the ones for dimer 2 ( 168 ppm) and free ligand ( 126 ppm). Due to the poor signal to noise ratio, the broad peak around  158 ppm could not be unambiguously attributed to the disubstituted hydride 5.
The 1 H spectra of both [P(OPh) 3 ]/[Co] ratios of 4 and 8 taken after cooling to room temperature revealed that the dominant species were the mono-and disubstituted hydride only as indicated by a doublet at  −11.2 ppm (4) and a triplet at  −11.9 ppm (5). 
Batch autoclave experiments
Batch autoclave experiments were carried out using paraffin and 1-heptanol as solvent. Samples were taken over a period of 4 h reaction time. Gas chromatography analysis resulted in conversion-time curves as depicted in Fig. 6 for a [P(OPh) 3 ]/[Co] ratio of 4 in paraffin.
From these curves, the observed rate constant for the pentene conversion was obtained according to the first order rate law
The results of the batch autoclave hydroformylation experiments are given in Table 6 . All internal alkenes were summarised and are given as internals or % isomerisation, respectively. Only selectivities and linearities at the end of the run (EOR) are given. . Aldehydes are produced only to a small extent; the main products under the conditions applied are internal alkenes, derived by isomerisation. The generalised Heck-Breslow mechanism was used to explain these results (Scheme 3). towards the internal positions, mainly the C2 position. The internal alkenes thus formed are expected to be less reactive than 1-pentene, leading to poor conversion and low TOF. Since [HCo(CO) 4 ] (3) is believed to isomerise internal alkenes in a "chain-running" mechanism, 35 one would expect reasonable conversions if unmodified hydride 3 was present. However, with a [P(OPh) 3 ]/[Co] ratio higher than 4, the formation of the unmodified hydride 3 was suppressed according to HP-IR (not HP-NMR). The decrease in aldehyde formation with increasing ligand excess, and the very low TOF, therefore accounts for the absence of 3 under these conditions. A blank experiment without the addition of ligand (entry 20) supports that assumption. The TOF of the unmodified catalyst was six times higher than for the modified one, whereas the selectivity towards the linear aldehyde was doubled by addition of ligand. At [P(OPh) 3 ]/[Co] ratios higher than 2, the selectivity varied in a narrow range between 3.6 and 4.6.
As expected, the cobalt phosphite system did not hydrogenate the aldehydes and alkenes, as indicated by the small amount of hexanols formed (< 1%) and pentane (< 0.2%) when using [P(OPh) 3 ]/[Co] > 4. The overall linearity of the aldehydes formed is reasonably good compared to other modified cobalt systems. 5, 8, 9 Using 1-heptanol instead of paraffin as solvent (entry 26, Table  6 ), no significant gas uptake was observed at 140 °C. GC analysis of the reaction mixtures showed no hydroformylation products. No conversion was observed, even under typical conditions (170 °C, 80 bar) for cobalt catalysed hydroformylation (entry 27, Table 6 ). This corresponds to the HP-IR experiments where no conversion was observed when the species having a strong absorbance at  CO 1969 cm −1 was present (entry 15 and 16, Table 5 ) in 1-heptanol.
Conclusions
The cobalt complex [Co 2 (CO) 6 {P(OPh) 3 The disubstituted hydride 5 is the dominant species under these conditions, and coordination of 1-pentene, followed by hydride insertion, will form the alkyl species [(C 5 H 11 )Co(CO) 2 {P(OPh) 3 } 2 ]. Alkyl migration, to yield the acyl species, is probably less favoured than shifting the equilibrium back to the -complex 9, as depicted in Scheme 3. This can result in a shift of the terminal double bond The investigated monodentate phosphite P(OPh) 3 was too small in terms of steric demand (cone angle) to form a stable monosubstituted hydride under the reaction conditions. The narrow range with regard to temperature and ligand excess makes triphenylphosphite unsuitable as ligand for cobalt catalysed hydroformylation. Current research is focussing on modification of steric and electronic properties of various phosphites in order to shift the equilibria at reaction conditions towards the desired [HCo(CO) 3 P(OR) 3 ].
